ABSTRACT Chipless radio frequency identification (RFID) technology recently observed a growing interest, mainly because of its wide area of applications, and huge potential market, with the advent of Internet of Things era. Recently, in the demonstration of high capacity chipless RFID tags, ultra-wideband technology has been proposed. It can enable development of robust chipless RFID systems with the promising features of low cost, compact, and lightweight. In response, we propose a novel scheme of broadband chipless RFID tagging that is based on slot coupled tapered slot antenna (TSA) loaded with a set of resonators, referred to as multi-resonators filters (MRF). Using numerical simulations, out of 256 combinations, randomly selected 14 different 8-bit MRF circuits operating over the frequency band 4 to 9 GHz are designed and their spectral and time domain responses under short and open terminations are recorded. The time domain signatures, generated due to high impedance mismatches along the microstrip lines of MRFs terminated with open and short circuits, are quantified by finding the cross-correlation among the signals and that is done by calculating the pulse fidelity factor. The designed MRFs are integrated with TSA to develop chipless RFID tags, referred to as MRF-TSA tags. Our designed TSA operates over 3.5-18 GHz band with an average gain that exceeds 6.5 dBi. INDEX TERMS Multi-resonators, radio frequency identification, time domain analysis, ultra-wideband.
I. INTRODUCTION
Chipless Radio Frequency Identification (RFID) technology is a promising solution for detection and localization of objects [1] - [4] . Chipless RFID systems consist of two main parts: readers and tags. It is fundamental that the interrogating signals at the input of chipless RFID tags are modulated in a way that can generate different distinguishable signatures. By continuously sending reader's interrogating signals, the tags reply to the reader with their signatures uniquely generated by encoding in time, frequency, or phase domains [5] - [7] .
Tags based on frequency domain (FD) encoding aim to achieve high data encoding capacity [8] , [9] . These FD chipless tags are mainly classified into two categories. The first category, called retransmission type chipless RFID tags, has one antenna or two separate antennas for receiving and then retransmitting the interrogating signal after encoding. The second category has no antennas; it simply works by backscattering the interrogating signal [9] , [11] . Resonators with different resonant frequencies are used to design and implement backscattering tags. The tag's response, under the interrogation of a broadband signal, generates spectral signature (the identification bits) at the resonance frequencies of the tag resonators.
Several backscattering chipless RFID tags have been developed with FD signatures and high data encoding capacity [9] , [12] , [14] - [16] . Surface acoustic waves (SAW) based embedded piezoelectric transducers chipless RFID tags can exhibit data encoding capacity up to 64 bits [12] . However, these tags are not cost-effective because of the high tolerances required in the fabrication process. Several other tags based on orientation-insensitive circular rings, quarter-wavelength transformers etc. have shown high data encoding capacity up to 19 bits [9] , [14] - [16] . However, the calibration process of such tags is quite difficult and requires multiple measurements performed in a static electromagnetic background.
In time domain based chipless RFID tags, different codes are generated mainly by transmission delay lines, where various bits are recognized with their respective time delay [17] . To have accurate detection of several bits, a significant delay between the bits is required that can be achieved either by increasing the length of transmission lines or decreasing the pulse width of interrogating signals [18] . Increasing the length of transmission lines results in larger size of RFID tags, whereas shorter pulse width increases the spectral bandwidth. However, compared to FD tags, the calibration process of tags utilizing time domain based encoding is simpler [19] . Moreover, tags can be detected at a longer distance, and have more flexibility in terms of positioning with respect to RFID system's readers [20] .
The retransmitted/backscattered energy from a radiator comprises two distinct time domain components: the early-time and late-time responses, known as the structural mode and antenna mode, respectively. The structural mode is due to reflections from radiators' scattering centers whereas antenna mode is established after the wideband pulse has passed through the radiator completely. In general, the retransmission type RFID tags, reported in the literature, use multi-resonators based circuits to apply a spectral signature based encoding to the input interrogating signals [21] . However, most of the multi-resonators based encoding schemes maintain two logical states ('On' and 'Off') per resonator. Moreover, in order to develop retransmission type RFID tag, two additional antennas are required to be integrated with resonators. These antennas are placed in cross-polarized orientation to minimize cross-talk between interrogation and response (encoded) signals [22] . Therefore, the common approach of designing such tags is complex, orientation sensitive and costly. This approach requires integration of multiple electromagnetic circuits resulting in RFID tags of larger dimensions. Moreover, spectral nulls, presenting encoded bits' information, might be distorted due to the propagation of the electromagnetic wave, when travelling through different components including free space. In this perspective, several kinds of microstrip circuits based on, modified complementary split ring, spurline, open stub, C-section, dual-band capacitive loaded stepped impedance, cascaded E shape co-planar waveguide (CPW), and microstrip coupled spirals types' resonators are used to develop high performance RFID tags [9] , [10] , [24] - [30] , [32] - [35] . Important design parameters such as size, bit encoding capacity, bandwidth, bits states/resonators and reading range are considered for performance enhancement of these RFID tags.
In this work, we propose a new retransmission tag, where L-shape open stub resonators are placed along the feed line of a radiator, terminated with either open or short circuit loads to generate distinct time domain signals. Generally, impedance mismatches are undesired in generating different codes in RFID technology. However, we take advantages of these impedance mismatches controlled by L-shape resonator circuits to encode information in antenna mode of time domain retransmitted signals. Specifically, we design different 8 bits multi-resonators based filters terminated with open and short circuit loads, which generate impedance mismatches due to high impedance discontinuities along the transmission line. The designed multi-resonator based filters operate over 4 GHz to 9 GHz band. The time domain responses and their counterpart frequency domain signatures are calculated using full wave simulation program. Complete RFID tags are developed by integrating these filters with broadband Vivaldi antenna. Based on different combinations of L-shape resonators, we design 14 different RFID tags. The time-domain responses of these RFID tags are recoded under both short and open terminal conditions. Distinct antenna mode signatures generated by these codes are confirmed by cross correlation method. The proposed encoding method is validated experimentally by fabricating two RFID tags operating over the proposed spectrum. The experimental characterization of the proposed system is done in anechoic chamber using Vector Network Analyzer (VNA) acting as an RFID reader.
A brief summary encompassing performance comparison of proposed RFID tag with other state-of-the-art tags utilizing various types of resonators circuits is presented in Table 1 . Unlike reported RFIDs [10] , [21] - [30] , [32] - [35] , the proposed RFID tag is implemented using single antenna loaded with open stub based MRF circuit with an additional leverage of applying open and short circuit terminations.
Using this approach, the encoding capacity is doubled to 16 bits since each 8-bit resonator is accompanied with additional 2 bits of information pertaining to load terminations. Finally, the detection of proposed RFIDs is demonstrated over a longer or at least comparable distance up to 50 cm, by processing RFID's retransmitted signal in time-domain.
II. CHIPLESS RFID TAG DESIGN
The proposed chipless RFID transponder comprises two components, a broadband slot coupled microstrip fed TSA and an open-stub multi-resonators based filter terminated with open and short loads. The open and short mismatched terminations will cause reflections of input interrogation signals. Likewise, the open stub resonators will act as impedance (capacitive) discontinuities along the microstrip feed line, which will also VOLUME 5, 2017 cause reflections. Generally, these undesired reflections are avoided in designing microwave circuits. However, in the current study, impedance mismatches using 8-bit open stub resonators filter are used to generate signals showing distinct signatures such that they are maximally uncorrelated both in frequency and time domains. The design and analysis of broadband radiator, 8-bit open-stub resonators based mismatched filter, and performance characterization of complete RFID tag are explained in following subsections.
A. TAPERED SLOT ANTENNA DESIGN
The layout diagram of slot coupled microstrip tapered slot antenna (TSA) is shown in Fig. 1 . A broadband microstrip to slot line transition (MSL) is used to excite the antenna. In order to have better radiation efficiency, the TSA is designed using Rogers RO4003C (ε r = 3.38, tan δ = 0.0027) substrate material. The thickness of the selected substrate is 0.508 mm, which is suitable for designing broadband MSL transition. The stub at the slot line transition comprises a 100 high impedance tapered microstrip line. The transition from a high impedance 100 to 50 microstrip line (which corresponds to the input impedance of the antenna) is managed using tapered microstrip line of 1.1 mm. The TSA's geometrical parameters are optimized to exhibit the broadband input impedance matched to 50 with an average gain that exceeds 6.5 dBi with hemispherical radiation pattern normal to the antenna's E-plane. The optimized geometrical parameters of designed TSA are summarized in Table 2 . Compared to the conventional TSAs, the length of the tapered microstrip line is bit extended to separate the antenna mode from the structural mode in time domain retransmitted signal. 
B. MISMATCHED OPEN CIRCUIT STUBS MULTI-RESONATORS
We designed multi-resonator filters (MRFs) that include open circuit stub resonators of variable lengths presenting their respective resonant frequencies within the UWB spectrum [24] . In practice, given the output port of a MRF terminated with 50 load, multiple notches, presenting various encoding bits are generated under the excitation of UWB signal. However, in the current study, to have reflection due to mismatch, open stub based multi-resonators are terminated with open and short loads. In fact, we used time (transient) 
C. CHIPLESS RFID TAG
The chipless RFID tag is designed by integrating broadband TSA and MRFs. Fourteen different tags presenting distinct codes are designed with the same selected combinations of open stub resonators presented in the previous section. The layout diagram of designed chipless RFID tag is shown in Fig. 5(a) . By using CST microwave Studio full-wave simulations program, the time domain signatures with open and short terminations of various tags are recorded by farfield probes, placed at a distance of 500 mm away, towards the endfire direction of TSA. To develop a better understanding, the recorded signals from 4 different codes under short-circuited termination are depicted in Fig 5(b) . It can be seen clearly that the retransmitted signals from these different codes exhibit same structural mode. However, the antenna modes in time domain responses of 4 different tags present distinct signatures.
For practical use, it is required to quantify the correlation among the tags' retransmitted signals to measure the similarity among codes for the purpose of detection. Signal processing methods based on dynamic time warping, common spatial pattern, time frequency analysis, and pattern recognition techniques can be investigated for that purpose [36] - [40] . However, we use here the pulse fidelity factor as a measure of correlation between two codes, due to its effectiveness in this signal processing setting and its lower computational complexity. Note that smaller values of fidelity factor mean corresponding signals are less correlated (i.e. more distinguishable from each other). Let c i (t) and c j (t) denote the time-domain responses of the i th and j th codes. The pulse fidelity factor, p ij , for two signals c i (t) and c j (t) is defined as follows [41] .
The load termination needs to be excluded from the set of 28 codes to maintain fidelity factor ≤ 0.8. 
III. FABRICATION AND CHARACTERIZATION
The proposed chipless RFID tag comprises TSA and open stub based MRFs. First, we designed, fabricated, and characterized each component individually to validate the desired performance. For proof of concept, the complete RFID tag is demonstrated where the designed TSA was integrated with MRFs over a single PCB. We choose an operating frequency range of 4-9 GHz, which covers the maximum spectrum of emerging UWB technology. The designed TSA is fabricated and characterized by measuring the S-parameters using VNA. Fig. 7 shows the picture of fabricated TSA, simulated and measured results of reflection coefficients, in addition to the Table 3 . Two 8-bit codes presented by distinct combinations of 8-bit multi-resonators corresponding, respectively, to the codes '11111111' and '10101010' are fabricated and characterized. The resonators circuits are designed over Roger's RO4003C substrate material having ε r = 3.38, tan δ = 0.0027andH = 0.508mm.The measured performance of both resonators are compared with simulation results as shown in Fig. 8(a) and (b) . The structures of both codes are shown as well. The number of nulls are equivalent to the number of 'ones' in the selected bit combinations presented by open circuit stubs across the microstrip transmission line. The designed resonators are of 8 bits and operating at f 1 = 4.688 GHz, f 2 = 5.3568 GHz, f 3 = 5.792 GHz, f 4 = 6.3264 GHz, f 5 = 6.9632 GHz, f 6 = 7.3632 GHz, f 7 = 7.7024 GHz and f 8 = 8.0416 GHz, distributed over 4 to 8 GHz band with minimum 300 MHz separation. For the first MRF, there are eight nulls corresponding to '1111111' as shown in Fig. 8(a) . Similarly, for the second MRF, there are four nulls corresponding to '101010' as shown in Fig. 8(b) . Note that with the designed TSA, which finds an excellent radiation characteristic over the band of interest, discontinuities along the microstrip line can be used to generate distinct signatures. The complete broadband MRF loaded TSA (MRF-TSA) based chipless RFID system is developed and the experiments are conducted, as will be discussed in the following section. 
IV. EXPERIMENTAL RESULTS
In Fig. 9 , we illustrate the block diagram of proposed chipless RFID system. In the left-hand side of the block diagram, the reader consists of a single broadband horn antenna, which acts as both transmitter and receiver in a monostatic measurement setup driven by VNA. In the right-hand side, the proposed MRF-TSA acts as an RFID transponder to retransmit back the coded interrogating signal towards the reader horn antenna. It is worthy to mention that this setup is presented to demonstrate the concept of mismatched MRF-TSA based chipless RFID tag. The time domain counterpart of S 11 can be calculated using the inbuilt inverse Fourier transform (IFT) option of VNA. As mentioned before, the interrogating impulse x (t) is transmitted and the retransmitted signal from chipless RFID tag y (t) are received by same horn antenna. The received impulse from chipless tag encompasses three components: (i) return loss profile of the reader antenna, (ii) MRF-TSA structural mode, and (iii) MRF-TSA antenna mode. It is worthy to mention that the antenna and structural modes responses of the multi-resonators loaded TSA are completely different from the response of the TSA alone.
A. TIME DOMAIN RESPONSE OF TSA ALONE
The experimental results of the TSA terminated with two kinds of load terminations, i.e, open and short loads, 
B. TIME DOMAIN RESPONSE OF MRF-TSA CHIPLESS RFID TAG
The experimental results of the MRF-TSA terminated with open and short loads are depicted in Fig. 11 . The retransmitted signals of MRF-TSA chipless tag loaded with MRFs having different bit combinations of '11111111' and '10101010' are shown in Fig. 11(a) and (b) , respectively. The integrated MRF-TSA chipless tag has a total length equal 5 cm, therefore, the late time responses of MRF-TSA are delayed compared to those shown in Fig. 10 . Since the late time responses of the MRF-TSA for different terminations are distinct and are easily distinguishable, therefore, it becomes feasible to employ late time response in order to identify different broadband RFID tags. In previously published results of [42] , [43] , few information bits corresponding to open, short and 50 ohm loads are used to encode the interrogating signal. However, in our proposed technique, the antenna mode presents distinct time domain signatures based on the encoding of multiresonators' terminated with open and short loads, resulting in several bits available for encoding. Finally, we compare the retransmitted signatures based on the encoding of multiresonators' waveforms for both bits' combinations presenting codes '11111111' and '10101010' for the case of short circuit termination as shown in Fig. 12 . It can be seen clearly that the antenna modes of both tags are different from each other and can be easily recognized. This observation is confirmed by the results of Table 4 , which shows the fidelity factor of the two different codes whose responses are measured at different distances (in cm). Table 5 , on the other hand, shows the fidelity factor computed from a reference response and measured responses at 10, 30, and 50 cm of the same fabricated code. The signature measured at 10 cm is considered as the reference response. By virtue of Tables 4 and 5 , we observe that the fidelity factor of different codes is as maximum as 0.6336 and the fidelity factor of the same code is as low as 0.9314. Therefore, codes are detected up to a distance of 50 cm by simply comparing the fidelity factor between the reference and measured responses with a threshold of value 0.7825. If the fidelity factor is greater than this threshold, then the reference and measured signatures correspond to the same code; otherwise they relate to different codes.
V. CONCLUSIONS
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